Summary The sulfhydryl status of normal and tumour cells is critically important in determining their susceptibility to various cytostatic agents. As a sulfhydryl compound, mesna (sodium 2-mercaptoethanesulfonate) which is used in large doses to prevent haemorrhagic cystitis associated with certain chemotherapeutic regimens might derange cellular thiol homeostasis. In order to investigate the effects of mesna on the concentrations of thiols in plasma, cysteine, glutathione and their disulfides were measured by HPLC following the oral and intravenous administration of mesna to healthy volunteers. After 7.3 mmol mesna i.v. free cysteine rose from 8.2 (95% CI 7.0-9.4) nmol ml' to 53.6 (47.4-59.8) nmol ml-' at 5 min, most likely due to reduction of circulating cystine by the sulfhydryl drug. This initial rise was followed by a marked decrease of total cyst(e)ine in plasma from 276 (215-337) nmol ml-' to a nadir of 102 (McGown & Fox, 1986) . Similarly, the sulfhydryl status of normal cells is an important determinant of their defense against the toxic effects of the same cytostatic drugs (Chasseaud, 1979) . Mesna (sodium 2-mercaptoethanesulfonate) is increasingly used to prevent haemorrhagic cystitis associated with chemotherapeutic regimens containing high doses of ifosfamide and cyclophosphamide (Dechant et al., 1991) . Although mesna is very polar and does not passively enter cells to a significant extent (Ormstad et al., 1983) , the sulfhydryl drug could still markedly affect cellular thiol homeostasis. High concentrations of the sulfhydryl could reduce circulating cystine, thereby making more cysteine available to cells since cysteine is more readily taken up by many cell types than cystine (Issels et al., 1988) . In addition, cysteine-mesna mixed disulfides have been identified in urine (Jones et al., 1985; Duran et al., 1981) . Mesna might thus result in a substantial loss of cyst(e)ine. Since the effects of intravenous and oral mesna on circulating physiological thiols are not known and the mesna-induced loss of cyst(e)ine has not been quantitated, the concentrations of cysteine, glutathione and their disulfides in plasma and urine were measured following the oral and intravenous administration of mesna to healthy volunteers.
The sulfhydryl status of tumour cells is critically important in determining their susceptibility to various cytostatic agents (McGown & Fox, 1986) . Similarly, the sulfhydryl status of normal cells is an important determinant of their defense against the toxic effects of the same cytostatic drugs (Chasseaud, 1979) . Mesna (sodium 2-mercaptoethanesulfonate) is increasingly used to prevent haemorrhagic cystitis associated with chemotherapeutic regimens containing high doses of ifosfamide and cyclophosphamide (Dechant et al., 1991) . Although mesna is very polar and does not passively enter cells to a significant extent (Ormstad et al., 1983) , the sulfhydryl drug could still markedly affect cellular thiol homeostasis. High concentrations of the sulfhydryl could reduce circulating cystine, thereby making more cysteine available to cells since cysteine is more readily taken up by many cell types than cystine (Issels et al., 1988) . In addition, cysteine-mesna mixed disulfides have been identified in urine (Jones et al., 1985; Duran et al., 1981) . Mesna might thus result in a substantial loss of cyst(e)ine. Since the effects of intravenous and oral mesna on circulating physiological thiols are not known and the mesna-induced loss of cyst(e)ine has not been quantitated, the concentrations of cysteine, glutathione and their disulfides in plasma and urine were measured following the oral and intravenous administration of mesna to healthy volunteers.
Subjects and methods
The effects of mesna (sodium-2-mercaptoethane-sulfonate) on plasma cyst(e)ine and glutathione after intravenous and oral administration were studied in eight healthy volunteers, two females and six men, 24 to 39 years of age, all within 10% of ideal body weight. Informed consent was obtained from each of the participants. The study was approved by the ethics committee of the local medical school. After an overnight fast an indwelling catheter was placed into an antecubital vein of both arms in order to obtain blood repeatedly without tourniquet. Two blood samples were obtained 10 min apart before the administration of mesna in order to determine the basal concentrations of glutathione and cyst(e)ine.
Intravenous mesna was infused over 2 min at a dose of 1.2 g (7.3 mmol; ASTA MEDICA, 400 mg ml-') and blood samples were obtained 0, 5, 10, 15, 30, 60, 120, 240 min after termination of the infusion. Urine was collected before and during the 4 h after administration of mesna. In two patients peripheral blood mononuclear cells were isolated using Ficoll-Paque at baseline and 30 and 120 min following the infusion of mesna and were processed as previously described for the determination of intracellular cysteine (DeQuay et al., 1992) .
Since much lower plasma concentrations of free mesna are seen after oral administration (James et al., 1987) (Aebi et al., 1991) . Total mesna and cyst(e)ine in urine were measured following the same protocol as for disulfides in plasma. Chromatography and quantification of sulfhydryls were performed as previously described (Stofer et al., 1993) . Taking a blood sample five times through the procedure the coefficients of variation for total mesna, cyst(e)ine and GSH were 9.8, 1.6 and 3.0%, respectively. The coefficients of variation for the corresponding free sulfhydrils were <5%. The recovery of mesna, cystine and glutathione disulfide added to plasma was 102 ± 10%, 105 ± 8% and 85 ± 9% (mean ± s.d., n = 5), respectively. The peak to noise ratio for concentrations of cysteine and GSH of 5 j.mol I' exceeds five.
Data analysis
The results are given as mean and 95% confidence intervals. al., 1993) .
As shown in Figure 1 intravenous mesna resulted in a marked increase in circulating free cysteine from 8.2 (95% CI 7.0-9.4) nmol ml-' to 52.5 (44.1 -61.0) nmol ml-' 5 min after the end of the infusion, suggesting that mesna reduces circulating cystine. In contrast to the early transient increase in free cysteine total cyst(e)ine decreased from its basal concentration of 276 (215-337) nmol ml-' to a nadir of 102 (89 -115) nmol ml-' between 30-120 min after infusion. The concentrations gradually returned to 198 (165-230) nmol ml-' at 4 h. Following oral administration of mesna a small increase in free cysteine was again observed (Figure 2 ). Total cyst(e)ine decreased from 241 (216-267)nmolml-' to a nadir of 120 (97-142) nmol ml-' and had not returned to the basal level by 8 h. There was a significant (P<0.001) correlation between the increment in free cysteine and the peak concentrations of free (r2 = 0.852) and total (r2 = 0.818) mesna (Figure 3 ). The decrease in circulating cyst(e)ine showed a significant (P <0.001) correlation (r2 = 0.579) with the area under the plasma concentration time curve of free mesna (Figure 3) .
In contrast to cystine, cysteine is readily taken up by cells. In order to see whether the mesna-induced increase in circulating free cysteine resulted in an increased intracellular concentration of cysteine peripheral blood mononuclear cells were isolated and their cysteine content was measured. As shown in Figure 4 there was a marked increase in intracellular cysteine 30 min after infusing mesna in the two subjects studied. Intracellular cysteine had returned to baseline by 2 h.
The decrease in circulating cyst(e)ine was associated with a marked increase in the urinary excretion of the amino acid from 40 (33-47) nmol cysteine jimol-' creatinine to 105 (90-120) nmol pimol -I creatinine during the 4 h following the intravenous administration of mesna. Assuming a constant excretion of creatinine throughout the day the mesna-induced increment in the urinary excretion of cysteine averaged 0.26 mmol in 4 h. Following oral administration of mesna the urinary excretion of cyst(e)ine increased to 153 (116-190) between 2-4 h, 120 (96-143) between 4-6 h, and 79 (63-95)nmolcyst(e)inepmol-' creatinine between 6-8h 
Discussion
Mesna had two striking effects on circulating cyst(e)ine: First, it markedly increased circulating free cysteine, and secondly, it resulted in profound depletion of circulating total cyst(e)ine. The effect on free cysteine was much more evident following intravenous administration when markedly higher concentrations of free mesna are achieved than after oral administration. A similar increase in free cysteine has previously been seen after the intravenous administration of large doses of glutathione (Aebi et al., 1991) , suggesting that it most likely results from the reduction of cystine by high circulating concentrations of thiols. In contrast to cystine, cysteine is readily taken up by cells (Issels et al., 1988) . Thus, rising the concentration of free cysteine in the extracellular space would be expected to increase the intracellular concentration of cysteine. Indeed, in the two subjects where intracellular cysteine was measured there was a transient marked increase in intracellular cysteine (Figure 4) .
A shift of cysteine from the extracellular to the intracellular compartment can in part explain the second effect of mesna on circulating cyst(e)ine, namely the marked depletion of total cyst(e)ine which followed the initial rise in free cysteine. In addition, mesna resulted in a marked increase in the urinary excretion of cyst(e)ine. Mesna is in part excreted in the form of mesna-cysteine disulfide and may also circulate as a mixed disulfide (Jones et al., 1985; Duran et al., 1981) . This fraction appears to be larger after oral administration such that more cyst(e)ine is lost via the kidneys following oral administration. Free cysteine in urine may contribute to the uroprotective effects of mesna.
Mesna had minimal short-term effects on circulating glutathione. In contrast to cystine, glutathione disulfide and mixed disulfides account for less than 50% of total circulating glutathione. Thus, in the presence of even high concentrations of mesna much less free glutathione than cysteine will be generated.
The quantitative importance and the metabolic consequences of the suggested translocation of cysteine are difficult to assess. Assuming a volume of distribution for total cyst(e)ine corresponding to the extracellular space the observed depletion of cyst(e)ine 1 h following intravenous mesna corresponds to an estimated disappearance of 1-2mmol of cyst(e)ine. Since the increment in the urinary excretion of cyst(e)ine during the first 4 h amounted to only about one fourth of this amount substantial quantities of cysteine must have been translocated into cells.
Since the availability of cysteine is rate-limiting for the synthesis of glutathione in vivo (Aebi et al., 1992) , translocation of extracellular cysteine into the intracellular compartment might result in an increased synthesis of glutathione which plays an important role in the detoxification of reactive metabolites of cytostatic agents and other compounds. On the other hand, the turnover of cysteine is very rapid (Lauterburg et al., 1984) , such that a substantial fraction of the increased cellular content of cysteine may be utilised by pathways other than glutathione synthesis. Such an increase in the catabolism of cysteine might eventually decrease the availability of cysteine and lead to depletion of glutathione. Preliminary results of an ongoing study in patients who receive mesna together with ifosfamide by continuous infusion show a marked depletion of circulating cyst(e)ine, glutathione and homocysteine, indicating that similar changes in sulfhydryl homeostatis occur during chemotherapy.
The present data indicate that the reaction of the free sulfhydril group of mesna with endogenous disulfides is probably mainly responsible for the mesna-induced disruption of thiol homeostasis. Since oral mesna increases circulating free cysteine to a lesser extent than intravenous mesna and leads to a more marked increase in urinary cyst(e)ine which may contribute to uroprotection, oral administration of mesna may be preferable. In view of the fact that the efficacy of mesna critically depends on the reduction by the kidneys of mesna-mixed disulfides and dimesna a case could be made for the therapeutic use of dimesna which exhibits comparable uroprotective properties as mesna (Shaw & Weeks, 1987) but is not likely to interfere with thiol homeostasis to the same extent as mesna. 
